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57 ABSTRACT 
A device and method are described for measuring 
changes association with a gap between a lead-in optical 
fiber and a lead-out optical fiber. A hybrid fiber optic 
sensor is created by inserting the lead-in and lead-out 
optical fibers into a small tube such that a gap is pro 
vided between the fibers. Laser pulses incident on the 
gap create two interfacial reflections that interfere with 
one another, thus providing a method of measuring 
changes in gap length in the same was as a typical 
Fabry-Perot type interferometer. Moreover, a reflec 
tion from the far end of the lead-out fiber gives gap 
information in the same way as typical intensity-based 
sensor. Together the two measurements overcome the 
limitations that occur when each technique is used sepa 
rately, and are made possible by means of the above 
hybrid fiber optic sensor which contains both a Fabry 
Perot interferometer portion and an intensity-based 
sensor portion. 

12 Claims, 2 Drawing Sheets 
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HYBRD FIBER OPTIC SENSOR INCLUDING A 
LEAD OUT OPTICAL FIBER HAVING AREMOTE 

REFLECTIVE END 

BACKGROUND OF THE INVENTION 

This invention relates to fiber optic sensors for char 
acterizing a gas-filled gap between a lead-in optical fiber 
and a lead-out optical fibers. More particularly, this 
invention relates to a hybrid fiber optic sensor that 
characterizes the gas-filled gap length by combining the 
features of a Fabry-Perot interferometer and an intensi 
ty-based sensor. 
One method of measuring changes in the length of an 

air gap between a lead-in optical fiber and a lead-out 
optical fiber is to determine the number of interference 
fringes arising from the two air-glass interfaces associ 
ated with the air gap. Existing interferometric methods, 
while able to accurately detect changes in air gap 
length, suffer from an inability to determine whether 
the air gap length is increasing or decreasing in direc 
tion. 
Another method for measuring the length of the air 

gap is by measuring of the intensity of a reflected signal 
associated with a third interface at the remote end of the 
lead-out fiber. The amplitude of the reflected signal 
decreases with an increase in air gap length. Such inten 
sity-based methods, however, are subject to errors aris 
ing from intensity changes due to loss mechanisms af 
fecting the lead fibers. 

SUMMARY OF THE INVENTION 

The hybrid fiber optic sensor of the present invention 
overcomes the directional ambiguity inherent in inter 
ferometers and the lead fiber sensitivity inherent in 
intensity-based sensors by combining the features of a 
Fabry-Perot interferometer and an intensity-based sen 
SO. 

More specifically, the hybrid fiber optic sensor com 
prises a lead-in optical fiber and a lead-out optical fiber 
that are aligned within an alignment sleeve such that a 
gap is provided between the two lead fibers. Moreover, 
the lead-out optical fiber is provided in a predetermined 
minimum length and is preferably provided with a re 
flective coating on an end of the fiber remote from the 
gap. The hybrid sensor is preferably operated using an 
Optical Time Domain Reflectometer (“OTDR'). The 
hybrid fiber optic sensor detects changes in gap length 
by counting the number of interference fringes resulting 
from double Fresnel reflections associated with the two 
interfaces at the gap, and it detects the direction of the 
change in gap length by measuring changes in the am 
plitude of a reflection associated with the end of the 
lead-out fiber remote from the gap. 
The above is a brief description of some of the defi 

ciencies in prior art sensors and the advantages of the 
present invention. Other features, advantages, and em 
bodiments of the invention will be apparent to those 
skilled in the art for the following description, accom 
panying drawings and appended claims. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a hybrid fiber optic sensor accord 
ing to an embodiment of the present invention. 

FIG. 2 illustrates a hybrid fiber optic sensor system 
that includes an OTDR and the sensor of FIG. 1. 
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2 
FIG. 3 is a graph of normalized power as a function 

of longitudinal displacement as measured by the system 
in FIG. 2. 

FIG. 4 is a graph of normalized power as a function 
of strain as measured by the system in FIG. 2. 
FIG. 5 is a graph of fringe number as a function of 

microstrain for the data of FIG. 4. 
FIG. 6 is a graph of normalized power as a function 

of lateral displacement as measured by the system in 
FIG. 2. 

DETAILED DESCRIPTION OF THE 
INVENTION 

As shown in FIG. 1, the hybrid fiber optic sensor of 
the present invention comprises lead-in 11 and lead-out 
12 sections of optical fiber (preferably single mode) and 
an alignment sleeve consisting of a hollow tubing sec 
tion 13 whose inner diameter is very slightly larger than 
the outer diameter of the lead-in 11 and lead-out 12 
optical fibers. The hollow tubing section 13 can com 
prise, for example, a silica capillary tube that is drawn 
from a preform using the same techniques as those used 
in optical fiber manufacturing. The lead-in 11 and lead 
out 12 optical fibers are inserted into the hollow tubing 
section 13 such that an air gap S is formed. The air gap 
S is preferably on the order of ~ 100 um in length. The 
lead-in 11 and lead-out 12 optical fibers may be tacked 
into place within the hollow tubing section 13 by means 
of a fusion "weld' (e.g., for embedded applications) or 
may be left unbounded (e.g., for external "attached” 
applications). 
As shown in FIG. 2, the optical source for the hybrid 

fiber optic sensor system of the present invention is 
preferably an Optical Time Domain Reflectometer 
("OTDR'). The OTDR contains a laser (not shown) 
that launches short pulses of light into the lead-in 11 
optical fiber. Upon reaching the air gap S, two Fresnel 
reflections are created-one from the glass-air interface 
of the lead-in 11 optical fiber and one from the air-glass 
interface of the lead-out 12 optical fiber. These two 
reflections will be in or out of phase in an amount de 
pendent upon the length of the air gap S. Because of the 
relatively long coherence length of some OTDR sys 
tems (~1.3 mm in air) these two reflections will inter 
fere with one another and go through constructive and 
destructive interference fringes as the air gap S changes 
by multiples of wavelength. In this manner, the 
Fabry-Perot interferometer component of the hybrid 
fiber optic sensor of the present invention can measure 
changes in gap length. As pointed out above, however, 
a limitation associated with the Fabry-Perot technique 
is that the sensor response for increasing gap length is 
the same as that for decreasing gap length. This "direc 
tional ambiguity' is a problem association with most 
Fabry-Perot interferometers. 
To overcome this problem, a hybridization of two 

sensor concepts is used according to an embodiment of 
the present invention. Referring back to FIG. 1, a third 
reflection is created at the far end of the lead-out 12 
optical fiber. The magnitude of this reflection is prefera 
bly increased with the application of a reflective coating 
14 to the end of the lead-out 12 optical fiber end. The far 
end reflection is resolvable in time from the double 
Fresnel reflection associated with the air gap S, pro 
vided the lead-out 12 optical fiber is of sufficient length 
L. For commercial OTDR systems presently available, 
this length L is greater than about 4 cm. The amplitude 
of the far end reflection is related to the air gap length 
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S. On its first pass through the air gap S, the original 
pulse from the OTDR system is attenuated by Fresnel 
reflections as well as losses associated with the air gap 
S. After reflection from the far end of the lead-out 12 
fiber, the pulse is again attenuated by Fresnel reflections 
and losses proportional to the gap length S. Therefore, 
when a host material, for example, is put into tensile 
strain, the air gap S increases in length causing an in 
crease in attenuation and, thus, a decrease in the ampli 
tude of the far end reflection. Hence, a direct correla 
tion between reflected intensity and strain can be deter 
mined. For the purposes of the hybrid fiber optic sensor 
of the present invention, however, it is the direction of 
the change in amplitude of the end reflection that is of 
interest. An increasing end reflection amplitude in the 
intensity-based sensor component of the hybrid fiber 
optic sensor of the present invention indicates decreas 
ing strain, and vice versa. This information resolves the 
directional ambiguity associated with typical interfer 
Ometers. 

Just as interferometers suffer from directional ambi 
guity, intensity-based sensors also have similar limita 
tions. Typical intensity-based sensors are subject to 
misleading changes in signal amplitude arising from 
intensity changes due to loss mechanisms affecting the 
lead fibers. In the configuration of the present inven 
tion, however, if an intensity change in the intensity 
based sensor component is not accompanied by a corre 
sponding number of fringes from the Fabry-Perot inter 
ferometer component, the intensity change can be ig 
nored. 
Thus, the Fabry-Perot interferometer component of 

the sensor resolves the fundamental problem of typical 
intensity-based sensors, just as the intensity-based sensor 
component resolves the fundamental problem of typical 
Fabry-Perot interferometers. 
Moreover, two other significant problems are associ 

ated with traditional all-fiber interferometers. First, 
such interferometers are highly susceptible to thermal 
drift. Thermal drift is erroneous signal data arising from 
thermally induced phase shifts that are caused by the 
thermo-optic effect. Second, polarization changes in the 
two interfering waves can cause the fringes to disap 
pear. This second effect occurs when the two interfer 
ing waves have their polarizations rotated such that the 
two waves are orthogonal and is caused by changes in 
birefringence in the fibers. The degree of birefringence 
can be altered by physical perturbations and tempera 
ture changes and, therefore, is a significant problem for 
most all-fiber interferometers. 
The hybrid fiber optic sensor of the present invention 

overcomes these problems, because the region in which 
the two interfering waves are separated is the air gap 
itself. Any perturbations to the signal will therefore 
have to occur in the air gap. The thermo-optic coeffici 
ents of gases, such as air, are orders of magnitude below 
that of silica. Therefore the thermo-optic effect is re 
duced by orders of magnitude, nearly eliminating ther 
mal drift. Second, gases are not birefringent, eliminating 
the problem of polarization fading that occurs in all 
fiber interferometers. This occurs in such interferome 
ters when the sensing or reference fiber is physically 
perturbed. 
Two experiments were performed to demonstrate the 

viability of the present invention. One embodiment of 
the hybrid fiber optic sensor system of the present in 
vention is shown in FIG. 2. In FIG. 2, an OTDR is 
equipped with a transmitting optical fiber 15 and a re 
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4. 
ceiving optical fiber 16. A coupler 17 connects the opti 
cal path of the transmitting optical fiber 15 and the 
receiving optical fiber 16 with the lead-in 11 optical 
fiber and an auxiliary optical fiber 18, which leads to 
one or more additional sensors. Such a system is easily 
time multiplexed to reduce the cost per sensor. 
The first experiment was conducted to verify the 

intensity-based sensor portion of the hybrid fiber optic 
strain sensor system of FIG. 2. Longitudinal displace 
ment, resulting in air gap S, was accurately controlled 
by mounting the lead-in 11 and lead-out 12 optical fibers 
on two alignment stages (not shown). Then, the lead 
out 12 optical fiber was moved away from the lead-in 11 
optical fiber by means of piezo-electric controls (not 
shown) and intensity data recorded. Recall that it is the 
reflected intensity from the far end of the lead-out 12 
optical fiber that is recorded and not the intensity from 
the double Fresnel reflection associated with the air gap 
S. The data for longitudinal displacement vs. normal 
ized power (intensity) is shown in FIG. 3. 
The second experiment verified the Fabry-Perot in 

terferometer portion of the hybrid fiber optic strain 
sensor system of FIG. 2. Here, the sensor was mounted 
to a cantilever beam (not shown) whose tip was incre 
mentally displaced by a micropositioner (not shown). 
This time, however, the intensity information recorded 
was that associated with light reflecting off of the air 
glass interfaces at the air gap S. It was expected that the 
normalized power (intensity) would oscillate through 
fringes as the cantilever beam deflection caused the air 
gap S to expand through multiples of it, in this case, 625 
nm. As shown in FIG. 4, the fringes are very clearly 
defined. The data of FIG. 4 are also displayed as mi 
crostrain vs. fringe number in FIG. 5. 
Of course, some error naturally exists in the above 

data. However, the fact that manual data acquisition 
was possible is a tribute to the stability of the sensor. 
Typically, interferometers will drift through many 
fringes in one minute, whereas the design of FIG. 2 
appears to have drifted only one fringe in the 21 minutes 
it took to record this data. The stability of the interfer 
ometer is attributed to the fact that the region in which 
the two interfering waves are separated is the air gap. 
As expected, thermal drift and polarization fading are 
not a problem with this design. 
The issue of radial displacement is of some concern 

with the hybrid fiber optical sensor or FIG. 2. There 
fore, an experiment was also performed wherein nor 
malized power through the sensor was measured as a 
function of displacement in the radial direction. This 
data is shown in FIG. 6. Because the capillary tubing 
allowed for a total of only 3 microns of radial move 
ment, power fluctuation was S 1%. 
The above discussion is based upon the detection of 

changes in air gap length that can then be used, for 
example, to determine strain. The hybrid fiber optic 
sensor of the present invention can be used to measure 
strain in practically any structure. For example, the 
sensor of the present invention is particularly suited to 
be embedded in composite materials for the purpose of 
measuring strain in advanced undersea and aero struc 
tures. Of course, the sensor of the present invention 
could also be used to measure other environmental 
parameters based on gap length as well as environmen 
tal parameters based upon gas composition or density. 

Thus, a hybrid optical fiber strain sensor design has 
been described which is far more practical than many 
sensor concepts to date. All prior fiber sensor concepts 
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have inherent difficulties that limit or preclude their use 
in applications beyond the laboratory. The above hy 
brid design simultaneously uses two sensor components 
and is, therefore, able to overcome the limitations of 
each sensor component when operated individually. 5 
The design subsequently offers the sensitivity of a 
Fabry-Perot interferometer with the reliability of an 
intensity-based sensor. 
The above is a detailed description of a particular 

embodiment of the invention. The full scope of the O 
invention is set out in the claims that follow and their 
equivalents. Accordingly, the claims and specification 
should not be construed to unduly narrow the full scope 
of the protection to which the invention is entitled. 

I claim: 
1. An apparatus for sensing an environmental parame 

ter comprising: 
a lead-in optical fiber with a first end for injecting an 

input optical signal and a semi-reflective end oppo 
site said first end for creating a first partial reflec 
tion of said input optical signal; and 

a predetermined length of lead-out optical fiber with 
a first at least partially reflective end for creating a 
far-end reflection of said input optical signal and a 
second semi-reflective end for creating a second 
partial reflection of said input optical signal; said 
lead-in and lead-out optical fibers being axially 
aligned with a gap provided between the semi 
reflective end of the lead-in optical fiber and the 
second semi-reflective end of the lead-out optical 
fiber such that the first partial reflection, the sec 
ond partial reflection, and the far-end reflection of 
the input optical signal form an output signal at said 
first end of the lead-in optical fiber. 

2. The apparatus of claim 1, wherein said input signal, 
said gap and said predetermined length are selected 
such that the first and second partial reflections inter 
fere with one another, while the far-end reflection is 
resolvable in time from the first and second partial re 
flections in said output signal. 

3. The apparatus of claim 2, wherein said input signal 
is generated by an optical source that is optically linked 
to the first end of the lead-in optical fiber and said out 
put signal is received by an optical processor that is 
optically linked to the first end of the lead-in optical 
fiber, said optical processor having a first sensorportion 
for counting interference fringes associated said first 
and second partial reflections and a second sensor por 
tion for detecting a change in intensity in the far-end 
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6 
5. The apparatus of claim 1 wherein the first at least 

partially reflective end of the lead-out fiber is provided 
with a reflective coating. 

6. The apparatus of claim 2 wherein the semi-reflec 
tive end of the lead-in optical fiber and the second semi 
reflective end of the lead out fiber are movably disposed 
within an alignment sleeve. 

7. The apparatus of claim 2 wherein the semi-reflec 
tive end of the lead-in optical fiber and the second semi 
reflective end of the lead-out fiber are affixed within an 
alignment sleeve using fusion welds. 

8. The apparatus of claim 1 wherein the gap is on the 
order of 100 microns. 

9. The apparatus of claim 1 wherein the predeter 
mined length is on the order of 4 cm. 

10. The apparatus of claim 1 wherein the first at least 
partially reflective end is fully reflective. 

11. The apparatus of claim 1 wherein the first at least 
partially reflective end is partially reflective to allow 
light to pass through, thereby enabling the apparatus to 
be multiplexed. 

12. A method of measuring an environmental parame 
ter comprising: 

providing an apparatus comprising an optical source 
for injecting an input optical signal; a lead-in opti 
cal fiber with a first end for injecting the input 
optical signal and a semi-reflective end opposite 
said first end for creating a first partial reflection of 
said input optical signal; and a predetermined 
length of lead-out optical fiber with a first at least 
partially reflective end for creating a far-end reflec 
tion of said input optical signal and a second semi 
reflective end for creating a second partial reflec 
tion of said input optical signal; said lead-in and 
lead-out optical fibers being axially aligned with a 
gap provided between the semi-reflective end of 
the lead-in optical fiber and the second semi-reflec 
tive end of the lead-out optical fiber such that the 
first partial reflection, the second partial reflection 
and the far-end reflection of the input optical signal 
form an output signal at said first end of the lead-in 
optical fiber; and said input signal, said gap and said 
predetermined length being selected such that the 
first and second partial reflections interfere with 
one another while the far-end reflection is resolv 
able in time from the first and second partial reflec 
tions in said output signal; 

counting interference fringes associated with the first 
and second partial reflections arising from the 
change in the environmental parameter; and 

measuring an intensity of the far-end reflection to 
resolve directional ambiguity associated with the 
interference fringes. 

k c k 
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